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Because tissue regeneration deteriorates with age, it
is generally assumed that the younger the animal, the
better it compensates for tissue damage. We have
examined the effect of young age on compensatory
proliferation of pancreatic b cells in vivo. Surpris-
ingly, b cells in suckling mice fail to enter the cell di-
vision cycle in response to a diabetogenic injury or
increased glycolysis. The potential of b cells for
compensatory proliferation is acquired following
premature weaning to normal chow, but not to a
diet mimicking maternal milk. In addition, weaning
coincides with enhanced glucose-stimulated oxida-
tive phosphorylation and insulin secretion from
islets. Transcriptome analysis reveals that weaning
increases the expression of genes involved in repli-
cation licensing, suggesting a mechanism for
increased responsiveness to the mitogenic activity
of high glucose. We propose that weaning triggers
a discrete maturation step of b cells, elevating both
the mitogenic and secretory response to glucose.
INTRODUCTION
Young animals demonstrate a superb potential for tissue regen-
eration, which gradually declines with age (Lo´pez-Otı´n et al.,
2013). The regenerative potential of young cells might be related
to their high rate of baseline replication, but must also rely on an
ability to sense injury and respond to it.
In the case of differentiated insulin-producing pancreatic b
cells, regeneration is tightly linked to the systemic consequences
of b cell death, namely hyperglycemia (Porat et al., 2011). Chronic
hyperglycemia enhances the rate of glycolysis in b cells, which
triggers cell-cycle entry of a fraction of differentiated, quiescent
b cells, leading to regeneration of proper b cell mass. Conse-
quently, normalization of glycemia closes this basic homeostatic
loop. Thus, b cell regeneration requires both a glucose-sensing
machinery and the ability to enter the cell division cycle.DevelMuch of the work on b cell replication and regeneration was
carried out in young adult mice, typically aged 6–10 weeks.
Recently, emphasis was given to the effect of old age on regen-
eration. b cells in both rodents and humans show a dramatic
age-related decline in baseline replication, ascribed in part to
a gradual increase in the level of the cyclin-dependent kinase
inhibitor p16/Ink4A (Chen et al., 2009; Dhawan et al., 2009;
Finegood et al., 1995; Krishnamurthy et al., 2006; Perl et al.,
2010; Teta et al., 2005). Even though some b cells in old mice
retain the potential to enter the cell division cycle in response
to mitogenic triggers (Stolovich-Rain et al., 2012), the magni-
tude of the response is small, suggesting that the higher inci-
dence of b cell failure and type 2 diabetes in old age may be
related to an age-related failure of compensatory replication
(Rankin and Kushner, 2009; Tschen et al., 2009). Notably, the
regenerative potential of b cells at a very young age has
received less attention. Several studies have examined the con-
sequences of treating neonatal rodents with the b cell toxin and
alkylating agent streptozotocin, but were inconclusive regarding
the acute proliferative responses of surviving b cells to this ill-
defined injury (Bonner-Weir et al., 1981a, 1981b; Cox et al.,
2010; Portha et al., 1974; Wang et al., 1994, 1996). While
some unique features in the replication machinery of young b
cells have been described (Gunasekaran et al., 2012), it is not
known if b cells are born with a fully developed ability for
compensatory replication or whether this is a trait that has to
be acquired. The latter idea is consistent with findings that b
cell function, i.e., glucose-stimulated insulin secretion (GSIS),
develops gradually during postnatal life. Fetal b cells, generated
from Neurogenin3+ progenitor cells, are poorly responsive to
glucose (Rorsman et al., 1989). The cells undergo a dramatic
process of functional maturation in the early postnatal period,
characterized by acquisition of the ability to secrete insulin in
response to glucose (Otonkoski et al., 1988, 1991). In mice, b
cell maturation occurs around the second week after birth.
Molecular characterization of b cell maturation has shown the
involvement of the transcription factors MafA, Pdx1, and
NeuroD1 (Aguayo-Mazzucato et al., 2011; Gu et al., 2010;
Guo et al., 2013), as well as thyroid hormone (Aguayo-Mazzu-
cato et al., 2013), and has identified Urocotrin3 (Ucn3) as a
marker of the process (Blum et al., 2012). Importantly, the
secretory function of b cells continues to improve well beyondopmental Cell 32, 535–545, March 9, 2015 ª2015 Elsevier Inc. 535
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Figure 1. The Potential for Compensatory
Proliferation of b Cells Develops with Age
b cell replication in Insulin-rtTA;TET-DTA mice and
controls (littermate single transgenic animals)
following partial b cell ablation. Left: replication
assessed based on costaining for insulin andBrdU.
BrdUwas injected2hrprior to sacrifice to label cells
in the S phase of the cell cycle. Right: replication
assessed based on costaining for insulin and Ki67.
In the older mice where baseline replication de-
clines,weused thebroader replicationmarkerKi67,
whichcaptures a higher number of replicating cells.
b cell ablation was achieved by providing doxycy-
line in the drinking water for the indicated duration
of ablation. N = 3–5 mice per group in each time
point. Values are mean ± SE. *p < 0.05; **p < 0.01;
NS, not significant. See also Figures S1 and S2.the first 3 weeks of life (Bliss and Sharp, 1992) although the un-
derlying mechanisms are not understood.
In this study, we set out to examine the ability of b cells in
young age to replicate in response to hyperglycemia, expecting
to find a superb regenerative response that declines with age.
Surprisingly, we discovered that compensatory proliferation is
a trait of the mature b cell, which requires a discrete maturation
step associated with the dietary change at weaning.
RESULTS
Compensatory Proliferation of bCells Does Not Occur in
Young Mice
In adult Insulin-rtTA; TET-DTA (bDTA) mice, administration of
doxycycline causes apoptotic death of 75% of b cells and
hyperglycemia (Nir et al., 2007). We previously showed that
under these conditions, a small fraction of surviving b cells
enters the cell division cycle. In order to study the proliferative
response of b cells in young bDTA mice, we adapted the system
for use in younger mice by administering doxycycline through
the drinking water of the mother. After 4–7 days of drug admin-
istration, pups were sacrificed and their blood glucose, islet
morphology, and b cell mass were examined. bDTA mice at
all ages examined showed significant b cell ablation, manifest-
ing as a dramatic inversion of the b:a cell ratio in islets (Figure S1
available online) and a decline in b cell mass (Figure S2). As ex-
pected from the massive loss of b cells, bDTA mice had
elevated blood glucose levels (Figure S1). We then measured
the fraction of replicating b cells using either BrdU pulse-label-
ing or Ki67 staining. As previously reported (Finegood et al.,
1995; Rankin and Kushner, 2009; Salpeter et al., 2010; Teta
et al., 2005), b cell replication was high in young pups and
rapidly declined during the first month of life (Figure 1). Surpris-
ingly, while surviving b cells in 1-month-old bDTA mice showed
a robust proliferative response, surviving b cells in younger
bDTA mice failed to increase replication, and in pups younger
than 1 week even had a lower replication rate than b cells of
control littermates (Figure 1). Ablation of b cells for a shorter
duration (3 days) also failed to elicit a proliferative response in
young mice (Figure S3). Thus, despite a higher frequency of
baseline proliferation, b cells of young mice cannot mount a
regenerative response. The difference cannot be due to
different degrees of b cell ablation, since we have found before536 Developmental Cell 32, 535–545, March 9, 2015 ª2015 Elsevierthat the levels of tissue damage and hyperglycemia recorded
here in young bDTA mice are more than sufficient to trigger
compensatory proliferation in older mice (Porat et al., 2011; Sto-
lovich-Rain et al., 2012).
Weaning Facilitates Compensatory b Cell Proliferation
The age in which b cells first demonstrated compensatory prolif-
eration (the fourth week of life) coincides with the time of wean-
ing, which in mice occurs gradually between days 16 and 28
postnatal (Henning, 1981). We therefore hypothesized that the
process of weaning was important in the development of the
ability to mount a proliferative response to b cell ablation. To
test this hypothesis, we performed experiments in which mice
were either prematurely weaned to regular chow at postnatal
day 18 (p18) or remainedwith their mothers. Mice received doxy-
cycline starting at p18 and were sacrificed at p25. Suckling and
weaned mice developed similar levels of hyperglycemia (Fig-
ure 2A) and showed similar disruption of islet architecture as a
result of b cell ablation (Figure 2B). Strikingly, b cells of prema-
turely weaned, but not suckling mice, showed a robust increase
in replication in response to ablation, as assessed by immuno-
staining for both Ki67 (Figures 2C and 2D) and phospho-histone
H3 (PH3) (Figure 2C). These results indicate a causal role for
weaning in the ability of b cells to enter the cell division cycle in
response to injury.
We have previously shown that the key driver for compensa-
tory replication of b cells in the bDTA system is glucose, acting
via increased glycolysis in b cells. To test if weaning specifically
increased the ability of b cells to enter the cell cycle in response
to increased glycolysis, we treated mice with a small molecule
glucokinase activator (GKA), a drug that increases b cell glycol-
ysis, insulin secretion, and b cell replication (Hija et al., 2014;
Porat et al., 2011). We injected GKA to p25 wild-type ICR mice
that were either still suckling or prematurely weaned at p18. In-
jection of GKA led to a similar decrease of blood glucose in
both suckling and weaned mice within 1 hr (Figure 3). However,
no increase in b cell replication was seen in suckling mice 16 hr
after injection of GKA, while in prematurely weaned mice the
fraction of replicating b cells was doubled (Figure 3), as previ-
ously shown for adult mice.
These results indicate that the process of weaning is important
for b cells to develop a potential for compensatory replication
and specifically glucose-stimulated replication.Inc.
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Figure 2. Premature Weaning Facilitates Compensatory Proliferation of b Cells
Mice were treated with doxycycline from p18 to sacrifice at p25. The suckling group remained with the mother throughout the period, while the premature
weaning group was transferred to normal chow at p18. In all panels, control mice are single transgenic littermates.
(A) Blood glucose levels prior to sacrifice.
(B) Representative images of islets stained for insulin and glucagon, demonstrating the effect of b cell ablation on islet architecture. Scale bar, 50 mm.
(C) Fraction of replicating b cells, based on costaining for insulin and Ki67 (left, N = 7-11mice per group) and costaining for insulin and PH3 (right, N = 2-4mice per
group). Values are mean ± SE. **p < 0.01; ***p < 0.005; NS, not significant.
(D) Representative images of replicating b cells from the mice counted in (C).
See also Figure S3.Weaning to a High-Fat Diet Mimics the Inhibitory Effect
of Suckling on Compensatory b Cell Replication
Weaning is a complex process involving dramatic dietary, hor-
monal, and neuronal changes (Henning, 1981), all of which couldDeveltheoretically control the acquisition of glucose-induced replica-
tion of b cells. The dietary switch in weaning is associated with
a transition from maternal milk, which is rich in fat and poor in
carbohydrates, to carbohydrate-rich, fat-poor rodent chowopmental Cell 32, 535–545, March 9, 2015 ª2015 Elsevier Inc. 537
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  vehicle GKA Figure 3. Premature Weaning Facilitates b
Cell Replication Induced by a Small Mole-
cule Glucokinase Activator
Left: blood glucose levels 1 hr after injection of
GKA to p25 ICR mice, suckling or prematurely
weaned to normal chow at p18. Right: b cell
replication 16 hr after injection of GKA. N = 9–12
mice per group. Values are mean ± SE. *p < 0.05;
***p < 0.005; NS, not significant.(Godbole et al., 1981). Previous reports have shown that in adult
mice, short-term exposure of b cells to lipids inhibits glucose-
induced replication (Pascoe et al., 2012). Indeed, the levels of
free fatty acids (FFA) in the blood of p25 suckling mice were
significantly higher than in littermates prematurely weaned to
normal chow (levels of FFA in suckling mice, 270 ± 30 mM; in pre-
maturely weaned littermates, 120 ± 15 mM; n = 8 suckling, 5
weaned mice). We thus hypothesized that maternal milk pre-
vents b cells from entering the cell cycle in response to high
glucose. To test this hypothesis, we prematurely weaned bDTA
mice to either normal chow (5% fat, 57% carbohydrates) or a
high-fat diet (29% fat, 29% carbohydrates) that served as a
milk mimetic (rat milk, 21% fat, 33% carbohydrates) (Godbole
et al., 1981). Mice received doxycycline to ablate b cells from
p18 and were sacrificed at p25. Transgenic mice on both diets
developed an equivalent degree of hyperglycemia (Figure 4)
and a similar disruption of islet architecture (data not shown).
However, only mice weaned to normal chow showed increased
b cell replication in response to ablation (Figure 4). These results
support the idea that the dietary transition from high fat to high
carbohydrates, rather than other aspects of weaning, is a key
driver for developing the potential for glucose-stimulated repli-
cation of b cells.
Weaning-Associated Functional Changes in b Cells
Given the striking positive effect of weaning on glucose-stimu-
lated b cell replication, we tested if weaning impacted also
GSIS in vivo. Insulin secretion is best tested after a few hours of
fasting (Andrikopoulos et al., 2008). To avoid potential artifacts
from fasting of weaned mice compared with mice still suckling
(which may experience additional stress during fasting due to
abrupt separation from mother), we compared P25 wild-type
mice that were prematurely weaned at p18 to either normal
chowor ahigh-fat diet.Micewere fasted for 6.5 hr and their serum
insulin levelsweremeasuredbefore and5minafter glucose injec-
tion.Miceweaned tonormal chowhad lower fasting serum insulin
levels, which increased more in response to glucose compared
with mice weaned to a high-fat diet (Figure 5A). The effect was
seen also when fasting serum insulin levels were normalized to
glucose levels: mice weaned to normal chow had a lower insu-
lin/glucose ratio (Figure 5B). These results suggest that the
dietary change from high-fat milk to high-carbohydrate chow im-
pacts b cell function by reducing basal secretion and enhancing
the fold increase of secretion in response to glucose.538 Developmental Cell 32, 535–545, March 9, 2015 ª2015 Elsevier Inc.To gain further insights into this pro-
cess, we studied insulin secretion in
isolated islets. However, no differences
were seen between islets obtained fromp25 mice weaned to normal chow and to a high-fat diet (data
not shown). We suspected that the overnight culture in identical
conditions may have masked the in vivo differences. We there-
fore conducted the next set of in vitro experiments using islets
frommice further apart in age: prior to (p18) and after (p28) wean-
ing. Similar to the situation in vivo, islets from weaned mice
secreted less insulin when incubated in low glucose (2.8 mM)
compared with islets from suckling mice (Figure 5C), although
islets in both groups increased secretion upon exposure to
high glucose.
Weaning-Associated Metabolic Changes in b Cells
Both GSIS and glucose-stimulated b cell replication depend on
a signaling pathway that involves glucose metabolism through
glycolysis and oxidative phosphorylation. To test if weaning
impacted glucose metabolism in b cells, we measured oxygen
consumption rate in islets from suckling (p18) and weaned
(p28-p35) mice, using a Seahorse XF bioenergetics analyzer.
Islets from p18 mice consumed more oxygen at low glucose
levels compared with islets from weaned mice (Figures 6A
and 6B). However, the ability of p18 islets to increase oxygen
consumption in response to high glucose was greatly dimin-
ished in islets from suckling mice compared with islets from
weaned mice (Figures 6A and 6C). Maximal oxygen consump-
tion, obtained after treatment with the mitochondrial uncoupler
carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP)
was similar in both groups (Figures 6A and 6D). This suggested
functional differences in respiration between islets of suckling
and weaned animals, rather than a difference in the total
amount of mitochondria (Figure 6C). To further examine the
potential involvement of the mitochondria, we determined
the enzymatic activity of components of the respiratory chain
in islets from suckling and weaned mice. No differences were
found in the activity of citrate synthase, cytochrome c oxidase,
and succinate dehydrogenase (Figure 6E), further suggesting
that mitochondrial content and respiratory chain enzymatic ac-
tivities are not affected by weaning. Finally, we measured the
rate of ATP generated by isolated islets from suckling and
weaned mice. Basal ATP synthesis was higher in islets from
suckling mice, with no increase upon exposure to high glucose
(Figure 6F).
Our results show that weaning is associated with a specific
metabolic change in b cells: oxygen consumption and ATP gen-
eration at low glucose levels are suppressed, but the ability to
control transgenic
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Figure 4. Premature Weaning to a High-Fat
Diet Mimics the Inhibitory Effect of
Continued Suckling on Compensatory b
Cell Proliferation
Hyperglycemia (left) and b cell replication (right)
after b cell ablation in p25 insulin-rtTA; TET-DTA
mice, prematurely weaned to normal chow or to a
high-fat diet at p18. Doxycycline was provided in
the drinking water from p18 to sacrifice. N = 4–6
mice per group. Values are mean ± SE. *p < 0.05;
**p < 0.01; ***p < 0.005; NS, not significant.increase oxidative phosphorylation in response to high glucose
is gained.
These findings are consistent with, and provide a potential
explanation for, the observed improvement in GSIS and b cell
replication associated with weaning.
Transcriptional Basis for Weaning-Associated
Phenotypic Changes in b Cells
To gain molecular insights into the phenotypic changes that
occur in b cells uponweaning, we determined how the b cell tran-
scriptome changes upon weaning. Insulin-Cre; Rosa26-LSL-
YFP mice (Gannon et al., 2000; Srinivas et al., 2001) were either
weaned at p18 or left suckling. At p25 mice were sacrificed,
YFP+ cells were sorted from dissociated islets (Figure S4), and
RNA from sorted cells was reverse transcribed and hybridized
to GeneChip arrays (Affymetrix). Genes reported previously to
be associated with b cell maturation including the transcription
factors MafA and NeuroD1 (Aguayo-Mazzucato et al., 2011;
Gu et al., 2010), the maturation marker Ucn3 (Blum et al.,
2012), and the key regulators of glucose metabolism Glut2 and
GCK were expressed in identical levels in b cells of suckling
and weaned mice, supporting the idea that the phenotypic
changes associated with weaning are distinct from classic b
cell maturation occurring during the second week of life
(Table S1).
Analysis of the differences between weaned and suckling
mice revealed that b cells from weaned mice were significantly
enriched for gene sets associated with the cell division cycle,
as well as gene sets associated with the electron transport chain
(Figures 7 and S4; Table S1). At a first glance the enrichment for
cell-cycle genes was puzzling since the fraction of replicating b
cells is similar is suckling and weaned mice at baseline (the con-
ditions during which the cells were isolated for transcriptome
analysis) (Figures 2C and 3). However, a closer inspection
showed that only a subset of cell-cycle-associated gene sets
present in the databases was increased. Specifically, cell-cycle
gene sets upregulated in b cells from weaned mice tended to be
associated with early stages of the cell cycle including G1 and S,
and less sowithmitosis (Figures 7A and 7B; Figure S4; Table S1).
At the level of individual genes, definitivemarkers of dividing cells
such as Ki67 and Top2A were expressed at similar levels in the
suckling and weaned groups (Table S1); this was consistent
with immunostaining results for Ki67 indicating no change in
the fraction of replicating b cells in suckling and weaned mice.
Among the cell-cycle-associated genes that were upregulated
in b cells from weaned mice, we noticed a significant enrichmentDevelfor genes related to quiescence-replication decisions, including
the DNA replication licensing factors Mcm3,4,6,7,10, Prim1,
Cdt1, Orc5 and Orc6 (Figure 7B). The overall increase in the
expression level of these genes was small (50%). This could
mean that all b cells gained weak expression, or that replicating
cells had higher expression of these genes, or that a subset of
quiescent b cells started to express these genes. We tested
these possibilities using immunostaining for the pre-replication
complex component Mcm3. As shown in Figure S5, prematurely
weaned mice had more b cells that stained positive for Mcm3
than did suckling mice. We conclude that the enrichment of
cell-cycle-related genes expressed in b cells from weaned
mice does not reflect increased numbers of replicating b cells,
but rather an increased propensity of some cells to enter the
cell division cycle, consistent with our observations on
glucose-stimulated b cell replication.
While there was no enrichment for gene sets associated with
glycolysis, we noticed an increase in the expression of pyruvate
dehydrogenase kinase 1 (Pdk1) in b cells from weaned mice
(80% increase, p = 0.02) (Table S1). Higher levels of Pdk1 are ex-
pected to inhibit the activity of pyruvate dehydrogenase 1 (Pdh1),
thereby slowing down oxidative phosphorylation at low glucose
levels, consistent with reduced oxygen consumption and insulin
secretion at low glucose in b cells fromweanedmice. In addition,
as noted above gene sets and genes encoding for components
of the mitochondrial electron transport chain were modestly but
significantly upregulated in b cells from weaned mice (Table S1
and Figure 7C), potentially explaining the stronger increase in ox-
ygen consumption and insulin secretion in b cells from weaned
mice exposed to high glucose (Figure 6).
In summary, the transcriptome of b cells from weaned mice
suggests how such cells might be more responsive for both
GSIS (via suppression of Pdh1 activity and enhanced mitochon-
drial activity) and glucose-stimulated replication (via enhanced
activity of replication licensing genes).
DISCUSSION
Weaning-Induced b Cell Maturation
We describe here the surprising observation that b cells in young
mice fail to enter the cell division cycle in response to genetic b
cell ablation or treatment with GKA because of their inability to
respond to the mitogenic stimulus of glucose. A diminished
GSIS in b cells from young animals parallels this. We identify
the process of weaning, and specifically the transition from
high-fat milk to high-carbohydrate chow, as key for theopmental Cell 32, 535–545, March 9, 2015 ª2015 Elsevier Inc. 539
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(A) Serum insulin (left) and blood glucose levels
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(C) Insulin secretion in isolated islets of P18 and
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Values are mean ± SE. *p < 0.05; ***p < 0.005; NS,
not significant.acquisition by b cells of glucose-induced replication and
improvedGSIS. EnhancedGSIS uponweaning is due to reduced
basal insulin secretion at low glucose levels, and enhanced
secretion in high glucose. This behavior appears to result from
reduced oxidative phosphorylation at basal glucose levels and
enhanced oxidative phosphorylation at high glucose. At the mo-
lecular level, reduced glucose metabolism at low glucose levels
may result from the observed increased expression of Pdk1, a
negative regulator of the key glycolytic protein pyruvate dehy-
drogenase; the larger enhancement of oxidative phosphorylation
at high glucose may relate to higher expression levels of multiple
mitochondrial genes in b cells of weaned mice and possibly to a
mild increase observed in the level of Pdx1 (Table S1; Gauthier
et al., 2009). The acquired ability of postweaning b cells to divide
in response to high glucose remains incompletely explained, but
might be related to increased expression of replication-licensing
genes, acting in some quiescent cells to prepare for the next
round of cell division (see below). Notably, basal b cell death is
not affected by weaning (Figure S6).
Taken together, the results reveal a new discrete develop-
mental step in the process of b cell maturation, brought about
by the change of diet from high-fat milk to high-carbohydrate
chow. b cell maturation has received considerable attention in
recent years, but efforts have focused on the acquisition of
GSIS during the second week of life in the mouse (Aguayo-Maz-
zucato et al., 2011, 2013; Blum et al., 2012). The process that we
describe here clearly differs from this early step of b cell matura-
tion. First, the time frames are distinct: classic functional matura-
tion of b cells is complete by p14, while the process that we study
here takes place between p18 and p25. Second, our data show
that glucose-induced b cell replication is still completely absent540 Developmental Cell 32, 535–545, March 9, 2015 ª2015 Elsevier Inc.by the time when classic maturation is
complete. Third, the molecular players
are different. Our transcriptome analysis
revealed that the key players andmarkers
of early postnatal functional maturation
(MafA, NeuroD1, and Ucn3) are not
affected by weaning (Table S1). We note
that GSIS was shown before to gradually
improve through postnatal life (Bliss and
Sharp, 1992), but the molecular basis for
this phenomenon was not investigated.
The effect of weaning to high-carbohy-
drate chow is likely a major, althoughprobably not the only, driver of the improved secretion reported
previously.
Physiological Significance
Weaning has dramaticmetabolic consequences that requirema-
jor adaptations of b cells. The switch from high-fat milk to high-
carbohydrate chowmeans a greater dependence of nutrient up-
take on insulin secretion. In addition, although this was not tested
in our ad libitumconditions, weaning in thewild is associatedwith
increased variability in foodavailability, necessitating bursts of in-
sulin secretion from b cells when glucose becomes available and
suppression of insulin when food is scarce. Thus, it makes phys-
iological sense that weaning triggers a phenotypic change in b
cells toward reduced secretion in low glucose and increased
secretion in high glucose. With regard to glucose-stimulated b
cell replication, weaning coincides with a shift from high baseline
replication needed to sustain organismal growth to low baseline
replication needed to maintain b cell mass homeostasis. In the
latter situation, b cells must be able to sense injury and respond
by increasing replication to achieve proper b cell mass. We
note though that specifically in perinatal mice, the rate of devel-
opmentally programmed b cell replication might be so high as
to dominate over any adaptive response.
More generally, our data suggest that regenerative potential is
a trait of mature tissues, which has to develop actively, similar to
functional maturation, rather than an innate feature of newly born
cells. We propose that it is important to distinguish between sit-
uations of high baseline proliferation, which are more appro-
priate for programmed rapid tissue expansion, and situations
of conditional proliferation, which are more appropriate for ho-
meostatic maintenance of tissue mass and hence must be
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Figure 6. Metabolic Function in Islets from Suckling and Weaned Mice
(A) Oxygen consumption rate (OCR) in islets from p18 (suckling) mice and p28-p35 (weaned) mice, normalized to islet area as measured in the seahorse wells.
(B) Basal OCR.
(C) OCR normalized to islet area and to basal OCR.
(D) Maximal OCR (after administration of FCCP).
(E) Analysis of mitochondrial components citrate synthase, cytochrome c oxidase, and succinate dehydrogenase. Shown is one representative experiment of the
three performed. In each experiment, 300 islets were used.
(F) ATP synthesis in low and high glucose. Three to six mice were used in each experiment.
In all experiments, islets were cultured overnight in complete RMPI containing before the analysis. Values are mean ± SE. *p < 0.05; NS, not significant.
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Gene 
Symbol Description Fold (wean/suck) p-value
Mcm7   minichromosome maintenance deficient 7 (S. cerevisiae) 1.73706 0.013
Cdk2  cyclin-dependent kinase 2 1.68711 0.007
Prim1  DNA primase, p49 subunit 1.6583 8E-04
Mcm3  minichromosome maintenance deficient 3 (S. cerevisiae) 1.55148 0.006
Mcm4  minichromosome maintenance deficient 4 homolog 1.4731 0.007
Cdt1  chromatin licensing and DNA replication factor 1 1.43799 0.027
Mcm6  minichromosome maintenance deficient 6 (MIS5 homolog) 1.3302 0.036
Mcm10  minichromosome maintenance deficient 10 (S. cerevisiae) 1.30355 0.042
Orc5  origin recognition complex, subunit 5 1.28069 9E-04
Orc6  origin recognition complex, subunit 6 1.15932 0.023
Esd  esterase D 1.76822 0.021
Tipin  timeless interacting protein 1.54832 0.017
Hells  helicase, lymphoid specific 1.50743 0.01
Vps72  vacuolar protein sorting 72 (yeast) 1.48138 0.029
Mcm4  minichromosome maintenance deficient 4 homolog 1.4731 0.007
Baiap2  brain-specific angiogenesis inhibitor 1-associated protein 2 1.39187 0.046
Mnx1  motor neuron and pancreas homeobox 1 1.38546 0.009
Fbxl20  F-box and leucine-rich repeat protein 20 1.3799 0.013
Pcna  proliferating cell nuclear antigen 1.36892 0.048
slc25a36  solute carrier family 25, member 36 1.33759 0.028
Kank2  KN motif and ankyrin repeat domains 2 1.33106 0.002
Mcm6  minichromosome maintenance deficient 6 (MIS5 homolog) 1.3302 0.036
Clspn  claspin homolog (Xenopus laevis) 1.30346 0.049
Bard1  BRCA1 associated RING domain 1 1.26944 0.044
Nasp  nuclear autoantigenic sperm protein (histone-binding) 1.265 0.02
Ankrd10  ankyrin repeat domain 10 1.26149 0.049
Topbp1  topoisomerase (DNA) II binding protein 1 1.22111 0.002
Arglu1  arginine and glutamate rich 1 1.19051 0.009
Atad2  ATPase family, AAA domain containing 2 1.15153 0.014
Pre-replication complex - reactome
Whitfield_G1_S
A
B
Gene 
Symbol Description
Fold change 
(wean/suck) p-value
Etfa electron-transfer-flavoprotein, alpha polypeptide (glutaric aciduria II) 1.29462 0.033
Ndufs6 NADH dehydrogenase (ubiquinone) Fe-S protein 6, 13kDa (NADH-coenzyme Q reductase) 1.29164 0.007
Ndufa7 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7, 14.5kDa 1.27237 0.012
Atp5O ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit (oligomycin sensitivity conferring protein) 1.24745 0.013
Ndufa3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3, 9kDa 1.24078 0.044
Ndufb4 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 4, 15kDa 1.18531 0.025
Atp5G2 ATP synthase, H+ transporting, mitochondrial F0 complex, subunit C2 (subunit 9) 1.18196 0.022
Ndufb5 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5, 16kDa 1.1361 0.029
Uqcrc2 ubiquinol-cytochrome c reductase core protein II 1.10196 0.037
Atp5L ATP synthase, H+ transporting, mitochondrial F0 complex, subunit G 1.22204 0.009
Ndufa4L2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4-like 2 0.857329 0.008
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Figure 7. Transcriptome Changes in b Cells upon Premature Weaning
(A) Cell-cycle-related gene sets that are significantly induced (gray bars) or unchanged (white bars) in b cells of prematurely weaned p25 mice compared with b
cells from suckling littermates. Note that gene sets that have changed are preferentially associated with early phases of the cell cycle and not with G2 andmitosis.
(legend continued on next page)
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responsive to a changing environment. In b cells, these two
modes of division are separated temporally (constitutive, nonre-
sponsive to injury during the suckling period; low baseline, injury-
responsive after weaning). Interestingly, in self-renewing tissues
based on stem cells, such two modes of tissue dynamics also
exist but are separated spatially, in the form of constitutively
dividing transit amplifying cells and slowly dividing, injury-
responsive stem cells.
Signaling from Dietary Change to b Cell Biology
How do b cells sense the dietary change associated with wean-
ing? Our experiments with hyperglycemic bDTA mice rule out a
role for circulating glucose. One attractive mediator of the effect
is free fatty acids, whose circulating levels in the blood reflect
the fat content of food. This idea is consistent with our finding
that a high-fat diet was able tomimic the inhibitory effect of suck-
ling on GSIS and glucose-stimulated b cell replication. It is also
consistent with a recent report that exposure of adult b cells to
lipids prevents glucose-stimulated replication (Pascoe et al.,
2012). Thus, the developmental effect of suckling that we
observed heremight be a physiological correlate of the patholog-
ical effect of lipids reported before (lipotoxicity). We note, howev-
er, that FFA inhibition of glucose-stimulated adult b cell replica-
tion is associated with upregulation of p16 and p18 (Pascoe
et al., 2012), which was not observed in b cells of suckling versus
weaned mice (at least at the mRNA level; Table S1; data not
shown). In addition, a high-fat diet did not prevent compensatory
b cell replication in adult (6–7 weeks old) bDTA mice (data not
shown), suggesting that the suckling-weaning transition indeed
reflects a one-timematuration step of b cells, rather than relieved
lipotoxicity. Alternatively, the effect of weaning might be trans-
mitted through intestine-derived incretin hormones, which are
secreted in response tospecificnutrients (Campbell andDrucker,
2013; Ezcurra et al., 2013), enhance GSIS, and are possibly
modulating b cell replication (Campbell and Drucker, 2013). In
preliminary experiments we found that treatment of suckling
mice with the Glp1 mimetic liraglutide enabled a mitogenic
response to GKA, similar to the effect of weaning (data not
shown). However, we failed to detect increased circulating Glp1
in the serum of weaned mice, Glp1R mRNA did not change in b
cells upon weaning, and the levels of intestinal Glp1 and Gip
mRNA were similar in suckling and weaned mice (data not
shown), questioning the physiological relevance of incretins in
this context. It is also possible that the dietary shift from milk to
chowexerts its effectsonbcells via alterations in themicrobiome,
consistent with a recent report on metabolic reprogramming by
alterations in intestinalmicrobiota during a critical developmental
window (Cox et al., 2014). Additional experiments are required to
distinguish between these and other possibilities.
Implications for Regenerative Therapy and Mitogen
Responsiveness of b Cells
A long-standing puzzle in the b cell regeneration field hasbeen the
fact that onlya small subset of quiescentbcells in adult organisms(B) Cell-cycle-related genes induced in GFP-positive b cells from prematurely wea
et al. (2002).
(C) Oxidative phosphorylation-related genes induced in GFP-positive b cells from
See also Figures S4 and S5 and Table S1.
Develresponds tomitogenic stimuli and that this subset further declines
with advanced age. What is unique about the minority population
of quiescent adult b cells that do respond tomitogenic stimuli? As
two populations of the same chronological age with similar base-
line rates of replication, b cells from suckling and weaned mice
provide a useful model to study this question. Our transcriptome
analysis suggests an interesting molecular mechanism for
mitogen responsiveness of some quiescent b cells: expression
of genes that affect the licensing of DNA replication, including
the Mcm gene family, Cdt1, and Prim1. We speculate that the
loadingofMcmproteinsonto theorigins of replication is an impor-
tant determinant of the responsiveness of quiescent b cells to
mitogenic stimuli. Consistent with this idea, it was shown before
that p16/Ink4A, anegative regulator ofbcell replication (andapro-
posed mediator of the negative effect of lipids on glucose-stimu-
lated b cell replication) (Pascoe et al., 2012), negatively regulates
the loading ofMcmproteinsonorigins of replication (Braden et al.,
2006). Furthermore, Mcm2 was identified as a marker of nondi-
viding neuronal stem cells resting between two divisions (Maslov
et al., 2004). More work is required to identify the conditions that
impact licensing of replication origins in quiescent b cells.
In conclusion, we show here that the dietary change associ-
ated with weaning, namely the transition from fat-richmilk to car-
bohydrate-rich chow, enhances the ability of b cells to secrete
insulin in response to glucose and allows glucose-stimulated b
cell replication. We thus propose that weaning triggers a novel,
discrete step of b cell maturation that is relevant for both optimal
b cell function and compensatory b cell replication.
EXPERIMENTAL PROCEDURES
Mice
Genotyping, doxycycline administration of Insulin-rtTA;TET-DTA mice, and
blood glucose levels were as described (Nir et al., 2007). Transgenic as well
as wild-typemice usedwere on amixed ICR background. We used bothmales
and females in all experiments. No differences were observed between the
sexes in any of the parameters tested. The high-fat diet was obtained from
Harlan Teklad TD.93075; normal chow was from Teklad 2018S. BrdU
(Sigma-Aldrich) was injected intraperitoneally (100 mg/kg) 2 hr prior to sacri-
fice. Glucokinase activator (Grimsby et al., 2003) was diluted in saline contain-
ing 20% DMSO and 1% Tween 80 and injected intraperitoneally (i.p.) at
50 mg/kg body weight, 16 hr before sacrifice. The joint ethics committee
(IACUC) of the Hebrew University and Hadassah Medical Center approved
the study protocol for animal welfare. The Hebrew University is an AAALAC in-
ternational accredited institute.
In Vivo Measurements
Serum insulin levels were determined using an ELISA kit (Crystal Chem) per
manufacturer instructions, after 6 hr fasting or following 6 hr fasting and
5 min after i.p. injection of 2 mg/kg glucose. To measure FFA, blood was
collected after a 4 hr fast and 2 hr refeeding. Nonesterified fatty acid levels
were measured by an NEFA-HR (2) kit (Wako Pure Chemicals) according to
the manufacturer’s instructions.
In Vitro Measurements
Islets were handpicked following collagenase perfusion as previously
described (Porat et al., 2011) and incubated overnight in complete RPMI
medium containing 11 mM glucose.nedmice. Gene sets used were fromReactome pathway analysis andWhitfield
prematurely weaned mice.
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Oxygen consumption rate was measured using Seahorse XF24 (Seahorse
Bioscience). About 50 islets of either genotype were plated in islet capture
microplates, in 7/8 replicates representing a pool of islets from multiple young
and adult mice. Respiration was measured at basal (3 mM) and high (20 mM)
glucose and following 1 mM FCCP introduction.
Enzymatic activity of respiratory chain elements was determined in ho-
mogenates of 200–300 islets and normalized to protein content. Activities
of complexes II, IV (COX), and citrate synthase (CS) were determined by
standard spectrophotometric methods as described (Shufaro et al., 2012).
Briefly, complex II was measured as succinate dehydrogenase (SDH) based
on succinate-mediated phenazine methosulfate reduction of dichloroindo-
phenol at 600 nm. COX was measured by following the oxidation of reduced
cytochrome c at 550 nm. CS was measured in the presence of acetyl coen-
zyme A and oxaloacetate by monitoring the liberation of coenzyme A
coupled to 505-dithiobis (2-nitrobenzoic) acid at 412 nm Shufaro et al.,
2012).
Islet ATP content was determined in 96-well plates containing 40 islets/well
by luciferin-luciferase using the ATPlite luminescence assay system (Perkin
Elmer) according to the manufacturer’s instructions (Golubitzky et al., 2011).
Islets were incubated in low (3 mM) glucose for 1.5 hr, and then high
(20 mM) glucose was added to part of the wells. All wells were collected and
processed after 30 min incubation.
Histology and Immunostaining
Pancreas was fixed with zinc-formalin (animals younger than P14) or 4%
buffered formaldehyde (animals older than p14) for 3 hr. Paraffin sections
(5 mm thick) were rehydrated and antigen retrieval was performed using a
Biocare pressure cooker and citrate (pH = 6) buffer. The following primary
antibodies were used: guinea pig anti-insulin (1:200; Abcam), mouse anti-
glucagon (1:800; Beta Cell Biology Consortium, Abcam), rabbit anti-ki67
(1:200; Neo markers), mouse anti-BrdU (1:300; Amersham), rabbit anti-
phosphorylated-histone-H3 (PH3) Ser10 (1:100; Cell Signaling Technology),
and rabbit anti-mcm3 (1:50; Cell Signaling Technology). For DNA counter-
stain we used either DAPI (Sigma) or Toto3 (1:1,000; Molecular Probes).
Secondary antibodies were from Jackson immunoResearch: anti-guinea
pig Cy2 (1:200), anti-mouse Cy3 (1:500), and anti-rabbit Cy3 (1:500). Immu-
nofluorescence images were captured using a Nikon C1 or Olympus FV1000
confocal microscope. To assess b cell replication, at least 30 islets or 1,500
b cells were counted per 1-month-old animal, and at least 1,000 b cells in
younger mice. b cell mass was measured as previously described (Nir
et al., 2007).
Transcriptome Analysis
b cells were sorted from dissociated islets of p25 insulin-Cre; Rosa26-LSL-
YFP mice (Gannon et al., 2000; Srinivas et al., 2001) that were either suckling
or prematurely weaned at p18; 2,000–6,000 YFP+ cells were sorted from each
mouse, and RNAwas prepared using aQIAGENRNeasymicro kit. Ten ng RNA
from each sample was amplified and labeled using an Ovation Pico System V2
amplification kit from Nugene according to the manufacturer’s instructions.
Biotin labeling was performed with the Encore Biotin Module (Nugene). The
amplified cDNA samples were hybridized to Mouse Gene 1.0 ST GeneChip
array (Affymetrix). The material from each individual mouse was hybridized
to one chip. We used three to four chips per experimental group. The arrays
were washed and stained with phycoerytrin conjugated streptavidin using
the Affymetrix Fluidics Station 450, and the arrays were scanned in the Affyme-
trix GeneArray 3000 scanner to generate fluorescent images, as described in
the Affymetrix GeneChip protocol. Cell intensity files were generated in the
GeneChip Command Console Software (Affymetrix). The data were modeled
using the robust multichip average approach, followed by mean one-step
probe set summarization giving each gene a single expression value, all
done using the software package Partek Genomics Suite 6.6. Gene expression
was analyzed using a two-way ANOVA. Data were analyzed using Genomica
and gene set enrichment analysis (Mootha et al., 2003; Subramanian et al.,
2005).
Statistical Analyses
In all graphs: *p < 0.05; **p < 0.01; ***p < 0.005; NS, p > 0.05 by Student’s t test.
Error bars represent SE.544 Developmental Cell 32, 535–545, March 9, 2015 ª2015 ElsevierACCESSION NUMBERS
The microarray data are available in the GEO database (http://www.ncbi.nlm.
nih.gov/gds) under the accession number GSE64524.
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